When pristine material surfaces are exposed to air, highly reactive broken bonds can promote the formation of surface oxides with structures and properties differing greatly from bulk. Determination of the oxide structure, however, is often elusive through the use of indirect diffraction methods or techniques that probe only the outer most layer. As a result, surface oxides forming on widely used materials, such as group III-nitrides, have not been unambiguously resolved, even though critical properties can depend sensitively on their presence. In this work, aberration corrected scanning transmission electron microscopy reveals directly, and with depth dependence, the structure of native two-dimensional oxides that form on AlN and GaN surfaces. Through 1 arXiv:1708.03997v1 [cond-mat.mtrl-sci]
atomic resolution imaging and spectroscopy, we show that the oxide layers are comprised of tetrahedra-octahedra cation-oxygen units, similar to bulk θ-Al 2 O 3 and β-Ga 2 O 3 . By applying density functional theory, we show that the observed structures are more stable than previously proposed surface oxide models. We place the impact of these observations in the context of key III-nitride growth, device issues, and the recent discovery of two-dimnesional nitrides.
Group III-nitrides, such as GaN and AlN, are the bedrock of modern solid-state lighting.
Further, they are of particular interest for high power devices because of their strong polarization fields that can confine carriers to heterointerfaces supplied via extrinsic doping or surface states (1) . At the surface of the III-nitrides, however, dangling bonds are reactive to their environment (2) (3) (4) , and lead to the formation of surface oxides. Importantly, the surface structure has been proposed to play an important role in controlling the electronic properties of buried device structures. For example, in power electronic devices, surface compensation can have a dramatic influence on the mobility of the two-dimensional electron gas (2DEG) that forms at AlGaN/GaN heterointerfaces (5) (6) (7) (8) .
While further advancements require complete understanding of the native surface oxides, much remains unknown about their structure (9) (10) (11) (12) (13) . Methods such as X-ray photoelectron or Auger electron spectroscopies and electron diffraction (14) provide key insights, but are an indirect probe. While scanning tunneling microscopy can probe the surface atomic and electronic structure, the outer most valence electrons are primarily probed. As a result, surface oxide structural models have thus largely relied on presumed atomic configurations paired with first principles density functional theory (DFT) calculations to estimate relative stability of each model (15, 16) . As a result, there are a number of competing surface oxide models that can be difficult or impossible to determine without direct surface and sub-surface information from experiment.
Here, we report the direct observation of native two-dimensional oxides that form on IIInitride surfaces. Using aberration corrected scanning transmission electron microscopy (STEM) imaging and spectroscopy, the structure of these two-dimensional oxides is directly determined for c-plane AlN and GaN surfaces. The observed oxides differ considerably from bulk structures, but with bonding configurations consistent with the corresponding group III oxide. Furthermore, these oxides are found to be more energetically stable than previous surface oxide models over a wide range of chemical environments. Finally, the structures are discussed in the context of material growth and properties. Figure 1 . For both materials, the surface is comprised of a two-dimensional layer that forms across the c-plane sample surface. The layer is distinguished by a trilayer (dashed boxed regions) and an inverted bilayer (solid boxes) in Figures 1A and B. The outer surface is consistent with prior oxide formation studies using indirect methods and STM, but those methods could not resolve the sub-surface information (15) . Furthermore, the layered structure appears passivated as further growth of the oxide does not occur over time. Also, as discussed in the Supplementary Information, various approaches to the TEM sample preparation were attempted to rule out unintentional modification of the surface.
Regardless of the preparation approach, the observed surface structure remained the same.
While atom column positions can be directly determined from the ADF STEM images, the atomic species can be difficult or impossible to identify without additional information (17) .
For unambiguous elemental analysis, we turn to electron energy loss spectroscopy (EELS), where an abrupt transition from the nitride to a two-dimensional oxide layer is seen in Figure   2 . Furthermore, the oxygen signal extends into the nitride beyond the surface oxide, which may indicate oxygen-nitrogen intermixing, delocalization of the electron probe, and/or oxide formation on the top/bottom of the TEM sample. Note that EELS of the GaN surface exhibits the same distribution of anions, as shown in Figure S1 . This configuration appears encouraged by the tetrahedral coordination at the c-plane surface.
While this mixture of coordination is not present in the stable α-Al 2 O 3 phase (21, 22), the twodimensional structure observed here is structurally similar to θ-Al 2 O 3 and β-Ga 2 O 3 , which both exhibit coexisting tetrahedral and octahedral cation coordination. It is also noted in Figure   3E that there is an inversion of polarity across the mid-plane of the oxide trilayer based on this configuration, which suggests a role of these surface oxides in compensating the strong, built-in polarization field of the wurtzite nitride. Though the oxidized surfaces of GaN and AlN have been studied and modeled for some time, this direct observation of the surface with depth resolution reveals a new structure that differs from those previously investigated. To understand the energetic stability of this structure, we compare it with previously proposed models (15,16) using DFT. In those works, it was found that the most energetically favorable structures consist of either an octahedrally coordinated O-III-O trilayer or a tetrahedrally coordinated III-O bilayer which can be seen at the top of Figure   4 . An ideal version of the observed structure maintains the bulk oxide 2/3 cation-to-anion ratio. This is achieved by combining aspects of both trilayer and bilayer models, which was not previously considered.
The surface formation energy for each surface configuration is calculated via Equation 1.
This surface energy is taken relative to a clean, smooth, and step-free cleaved nitride surface.
Negative surface formation energies indicate that the oxidized configurations are favorable, for the particular set of conditions, relative to the unreconstructed and ideally flat surface. Absolute surface energies taken relative to the bulk are a challenge in this direction due to the lack of inversion symmetry along [0001]. Nevertheless, the relative energies provide insight into the favorability of one configuration as compared to another. The surface energy as a function of chemical potential is given by:
In this equation, E tot slab is the total energy of the slab model containing the reconstruction, The structure of the observed oxide also explains the results from a recent study growing ZnO grown epitaxially on GaN. In that case, the surface of the GaN was intentionally oxidized before ZnO growth, where the ZnO polarity was then inverted (26) . The authors of that work hypothesized that a monolayer oxide was responsible for the polarity inversion and high quality of growth. The structural models provided here therefore provide critical insight into reducing defects as well as improved heteroepitaxial oxide-nitride thin film structures.
These 2D oxides appear similar to the recently reported formation of a 2D form of GaN (27) .
The structure, stabilized by encapsulation with graphene, also exhibits octahedral -tetrahedral bonding in a trilayer -bilayer configuration. In both cases, the polarity is inverted across the central trilayer, which could aid in charge compensation. As such, this structural configuration may be a hallmark of Ga-and Al-based 2D oxides and nitrides. Further, these similarities motivate future directions of research in the development of a mechanistic understanding of such 2D structures on polar surfaces and demonstrates that even though the nitrides have been studied for decades new discoveries remain.
In summary, by combining experiment and theory, we have the directly solved the structure of two-dimensional oxides forming natively on AlN and GaN surfaces. These oxide structures provide key observations to explain the formation of inversion domains and the origin of surface states that significantly influence the performance of III-nitride based devices. Further, these models offer direct evidence to model electronic surface states within the bulk band structure. Because of the relative ease of forming these structures, we also propose that such a platform may provide opportunities for exploring the properties and electronic behavior of two dimensional oxides not previously considered.
Figures S1 to S4 Table S1 References (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) plasma cleaning, and the same surface structure was observed under both conditions. To remove any damaged surface layer during sample preparation, a dilute 5% HF solution was used to etch the TEM samples for one minute. It is noted that the same structure is observed for each variation of the preparation step.
A FEI Titan G2 60-300 kV TEM/STEM was operated at 200 keV for spectroscopy and To improve signal to noise and remove sample drift distortion, the RevSTEM method was used (18) . Image series were acquired with at least 20 1024×1024 pixel frames at a pixel dwell time of 3 µs/pixel with a 90
• rotation between each frame. Atom column positions were fit to a two-dimensional Gaussian distribution with sub-pixel precision and indexed into a matrix (33).
The pixel size was calibrated as described in Ref. (19) . EELS maps were acquired using a Gatan Enfinium spectrometer. The O and N maps were extracted individually after fitting and subtracting the spectral background via fitting to a power law. Image simulations were carried out using the multislice method (34) with parameters taken from experiment. Thermal scattering was included with the frozen phonon approach and thermal displacements approximated by their bulk values.
Simulation and calculation details
DFT plane wave pseudopotential calculations, as implemented in the Vienna ab-initio Simulation Package (VASP) (35) (36) (37) (38) , were used to determine surface formation energies. The gradient 
Supporting Figures
Figure S1: Electron energy loss spectra for the GaN surface oxide. Colored boxes correspond to the integration areas used to produce the elemental distribution maps at the right. Due to the large difference in atomic number between Ga (Z=31) and N (Z=7), locating precise positions for the N atom columns in GaN was less reliable than for AlN. Therefore, rather than measuring Ga-N or Ga-O distances, Ga-Ga distances were measured and the relative changes for the surface with respect to the bulk were compared to the corresponding Al-Al distances in AlN. For GaN and AlN, the Ga-Ga and Al-Al distances is 279 pm and 265 pm in the bulk, respectively. Within the surface oxide these distances increase to 307.5 pm and 300.5 pm respectively. 
